Organic particulate matter (PM) is increasingly recognized as important to the Earth's climate system as well as public health in urban regions, and the production of synthetic PM for laboratory studies have become a widespread necessity. Herein, experimental protocols demonstrate approaches to produce aerosolized organic PM by α-pinene ozonolysis in a flow tube reactor. Methods are described for measuring the size distributions and morphology of the aerosol particles. The video demonstrates basic operations of the flow tube reactor and related instrumentation. The first part of the video shows the procedure for preparing gas-phase reactants, ozonolysis, and production of organic PM. The second part of the video shows the procedures for determining the properties of the produced particle population. The particle numberdiameter distributions show different stages of particle growth, namely condensation, coagulation, or a combination of both, depending on reaction conditions. The particle morphology is characterized by an aerosol particle mass analyzer (APM) and a scanning electron microscope (SEM). The results confirm the existence of non-spherical particles that have grown from coagulation for specific reaction conditions. The experimental results also indicate that the flow tube reactor can be used to study the physical and chemical properties of organic PM for relatively high concentrations and short time frames.
Introduction
Volatile organic compounds (VOCs) emitted from the biosphere and anthropogenic activities undergo reactions in the atmosphere with oxidants (such as ozone or OH radicals) to produce secondary oxygenated compounds 1, 2 . Some of these compounds, due to their low volatility, ultimately contribute to the mass concentration of atmospheric PM 1, 3, 4 . Atmospheric particles have important effects on climate, human health, and visibility 5 . The production mechanisms of organic PM, however, remain insufficiently characterized and understood, both qualitatively and quantitatively, to predict number and mass concentrations as well as physical and chemical properties. One approach for bridging this knowledge gap is to perform laboratory studies that use flow tube reactors for mimicking the production processes of atmospheric organic PM, thereby facilitating mechanistic, process, and characterization studies of the PM 6, 7, 8, 9, 10, 11, 12 . The flow tube reactor enables the rapid synthesis of aerosol particles for a variety of particle number and mass concentrations 13 .
The present study describes, through the use of video material, the production of organic PM as submicron-sized particles from the ozonolysis of a dominant atmospheric monoterpene (viz. α-pinene) in a flow tube reactor, which was first described in Shrestha et al. 13 Briefly, the flow tube was made of glass with an inner diameter of 48.2 mm and a length of 1.30 m. The flow tube was operated slightly above ambient pressure in the laminar flow regime (Reynolds number of 9.4 ± 0.5), and with a residence time of 38 ± 1 s , which gives information about the morphology and other physical properties of the produced particle population. 20, 21 Particles are also collected on a nanometer particle sampler for offline imaging by an SEM 7, 22 . The implication is that the flow tube reactor is a suitable medium for performing ozonolysis experiments and fast online and offline analysis of the PM produced therein.
Protocol

Gas-Phase Injection of the Flow Tube Reactor
Organic Precursor Injection
NOTE: All the equipment and software used during the experiment can be found in the Table of Materials. Depending on the purpose of the experiments, a wide range of volatile organic compounds can be used as the organic precursor for the experiment. α-Pinene is used here as an example for the procedure of injecting the organic precursor into the flow tube reactor. 1. Use a micropipette to obtain 1.00 mL of α-pinene. Transfer the liquid to a 50.00 mL volumetric flask. 2. Use 2-butanol to fill the volumetric flask to 50.00 mL, thereby diluting the α-pinene by a ratio of 1:50. Shake the volumetric flask to mix the solvent and the solute thoroughly. 3. Use a syringe (5.00 mL) to withdraw the α-pinene solution. Rinse the syringe three times with the solution and then fill it with solution. 4. Connect the syringe to a sharp needle (25 gauge, 2-inch long). Place the syringe onto a syringe injector. Insert the needle tip into a vaporizer round-bottom flask (25 mL). Pre-heat the vaporizer flask to 135 ± 1 °C by heating tape. 5. Introduce a gentle flow of 0.5 sLpm purified air to vaporize and carry away α-pinene injected from the syringe. Connect the purified air generator to the same power supply as the heating tape to avoid heating the round bottom flask if the pure air supply is stopped. 6. Turn on the syringe injector, and adjust the injection rate to an appropriate value. Calculate the injection rate by applying the gas flow rate, the desired VOC concentration and the syringe size to the Clausius-Clapeyron equation. For instance, for a total flow of 4.5 sLpm, to reach 125 ppb of α-pinene would require an injection rate of 11.7 μL/h of the α-pinene and 2-butanol mixture. Ensure that the volumetric concentration of butanol or α-pinene is less than 1% in the round bottom flask to avoid the organic compounds reach the flammability limit.
2. Ozone Injection 1. Pass a flow of air at 4.00 sLpm through an ozone generator. 2. Turn on the ozone generator. Control the ozone concentration to appropriate values by adjusting the length of the glass tube shielding the UV lamp inside the generator. The ozone and VOC ratios can vary across two orders of magnitudes depending on the purpose of the experiment. If VOC is needed to be fully reacted during the experiment, then the ozone concentration should be about 10 times higher than the VOC concentration to ensure ozone is in excess. 3. Turn on the ozone concentration monitor and connect the ozone monitor to the computer. Using a terminal reader software to access the ozone monitor readout and save the data obtained from the ozone monitor (Figure 2 ). Perform the experiments after the ozone concentration stabilizes. 2. Temperature control for particle production 1. House the flow tube reactor in a temperature-controlled, double-walled, water-jacketed stainless-steel box. Perform a leak check and a water level check prior to each set of experiments. 2. Set the temperature of the thermostat in the water circulator to 20.0 °C. NOTE: Temperature during the course of an experiment varies by no more than 0.1 °C. 3. Turn on the temperature recording software in the main computer, and set the data sampling time to 10 s (Figure 3) . The temperature sensor is located at the center point of the flow tube. Start logging the temperature measured from the temperature sensor when turning on the Record button. 
Particle Production of the Flow Tube Reactor
Representative Results
A matrix of reaction conditions is summarized in Table 1 . There is a range of number and mass concentrations of organic PM that can be produced depending on the selected α-pinene and ozone concentrations 13 . For instance, as shown in Table 1 , when the ozone concentration is 43 ppm, varying the α-pinene concentration from 0.125-100 ppm could produce , respectively.
The evolution of the dynamic characteristics of the particle population can be studied inside the flow tube reactor. By means of video demonstration, an experiment was conducted using 50 ± 1 ppm of ozone and 125 ppb of α-pinene. The longitudinal position of the particle sampler inside the flow tube allowed sampling at various times from 3.0 ± 0.2 to 38 ± 1 s. Figure 7 shows the number-diameter distributions of the aerosol particle population for this experiment. The total number concentration and the mode diameter of the particles increased with the residence time. For a residence time of 3 s, no particles were detected. For longer residence times, a particle population was obtained and measured. The mode diameter increased from less than 10 nm to about 50 nm for an increase in residence time from 17 ± 0.5 s to 38 ± 1 s. The corresponding number concentration increased from (8.6 ± 0.5) × 10 4 cm -3 to (2.56 ± 0.07) × 10 5 cm 3 .
Examples of the number-mass distributions recorded in three replicate experiments by the APM setup are shown in Figure 8 . The particle mass and mobility diameters were used to calculate the dynamic shape factor, χ, across particle subpopulation. The dynamic shape factor χ is the ratio of the drag force on an actual particle divided by the drag force experienced by a volume-equivalent sphere 23 . Shape factors of nearly spherical particles approach unity whereas highly aspherical particles have significantly larger shape factors. Figure 9 shows the dynamic shape factors of the particles exiting the flow tube at various mobility diameters and humidity levels. The respective χ values for <5% RH were 1.21 ± 0.02, 1.09 ± 0.02, and 1.08 ± 0.02 (one-sigma uncertainty), suggesting that the particle populations were composed largely of non-spherical particles. 17, 25, 32, and 38 s, respectively. The shaded areas are the standard deviation of particle size distribution. This figure previously appeared in Shreatha et al. 13 and is reproduced here with permission. Please click here to view a larger version of this figure. ), mode diameter (nm), and geometric diameter standard deviation of the particles produced by α-pinene ozonolysis. A material density of 1200 kg•m 3 was used for conversion of volume concentrations to mass concentrations and the residence time was 38 s for all experiments.
*
Although particles were present, the mass concentration was below the detection limit. This table previously appeared in Shreatha et al. 13 and is reproduced here with permission.
Discussion
By adjusting the conditions in the flow tube reactor, a wide range of SOA particles with well-defined number concentrations and mass concentrations can be produced. The growth mechanism can also be altered between the condensational growth and coagulative growth modes, forming particles with different shapes. The critical steps in the protocol include maintaining a relative stable temperature of the flow tube reactor, and stabilizing the ozone concentration out of the ozone generator. It is also important to note that the position of the movable injector needs to be carefully recorded every time so that the residence time would stay the same when repeating the experiments.
If the particle concentration from the flow tube reactor seems to be different than expected, several troubleshooting procedures can be performed. An air-tight examine of the flow tube reactor can be performed first. Following the airtight exam, the number-diameter measurement instrument needs to be checked in order to exclude all the potential malfunction possibilities such as clogging at the inlet and depletion of 1-butanol solution for CPC.
Hence, the flow tube reactor described above is a useful tool for studying the physicochemical properties and evolution of the organic aerosols spanning a wide range of concentrations. Compared with other aerosol generation systems, the flow tube reactor can quickly produce aerosol particles for a variety of particle number and mass concentrations 13 , which is especially useful in high mass-loading sampling. The flow tube reactor is also equipped with a movable sampler, enabling study on the evolution and growth of the aerosol particles. On the other hand, the reactor has a relatively short residence time and a relatively high precursor concentration, which limits its ability to simulate close-to-ambient reaction conditions. Future work involving the flow tube reactor is to add ultraviolet illumination onto the inner walls so that photo-oxidation reactions can be conducted within the flow tube reactor. Plans are in place for other VOC reactants, such as β-caryophyllene and limonene, to be studied as well 24 .
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